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Principal Results

» First order FLR corrections from “gyro-viscous cancellation” in two-fluid
model are necessary to agree with gyro-fluid results for high ion temperature.

= Higher ion temperature introduces more FLR stabilizing effects, thus reduces
ELM size.

= Developed a fast non-Fourier method for the computation of Landau-fluid
closure terms;
» Implemented the fast non-Fourier method through the solution of matrix
equations in which the matrices are tridiagonal or narrowly banded,;

= Implemented 3+0 {n, u, P} & 3+1 {{n, u,, P,},P,} electrostatic model
equations;
= Implemented 1+0 (n) & 2+0 {n, u,} electromagnetic model for ELM simulations;

» Benchmarked linear GLF simulations with eigen-value calculations
» Benchmarked with other two-fluid codes;
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= Edge 3-field gyro-fluid models for type-I ELMs

v" An isothermal electromagnetic 3-field gyro-fluid model with vorticity formulation
generalized from Snyder-Hammett gyro-fluid model [1] for edge plasmas.

v In long-wavelength limit, this set of gyro-fluid equations is reduced to previous 3-field
two-fluid model with additional gyro-viscous terms resulting from the incomplete “gyro-
viscous cancellation” in two-fluid model given by Xu et al [2].

v’ Utilizing the Padé approximation for the modified Bessel functions, this set of gyro-fluid
equations is implemented in the BOUT++ framework with full ion FLR effects.

v" An assumption of an ion steady-state with subsonic flow velocity leads to a model that
the ion response is adiabatic for both equilibrium and axisymmetric component of
fluctuations, such as Ze<®>=TIn <P;>.

» Edge 4-field gyro-fluid models for small ELMs
» A fast non-Fourier method for the computation of Landau-fluid closure terms

= BOUT++ core gyrofluid simulations of ion temperature gradient turbulence

[1] P. B. Snyder and G. W. Hammett, Phys. Plasmas 8, 3199 (2001).
[2] X. Q. Xu, R. H. Cohen, T. D. Rognlien, et.al., Phys. Plasma 7, 1951 (2000).



3-field isothermal gyrofluid model* for ELM simulation: consider the

large density gradient at H-mode pedestal
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In the presence of large density gradient, gyro-fluid and two-fluid

model show qualitative difference when klpi is large
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lon-Density-Gradient mode in twofluid model
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Gyroviscous terms are necessary to stabilize

lon-Density-Gradient modes and should be kept in twofluid model

Only ion diamagnetic effect in two-fluid model is not sufficient to represent FLR
stabilizing if density gradient is large!

e At long wavelength limit, gyro-fluid goes back to two-fluid but with additional
gyroviscous terms
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Without gyroviscous terms, IDG mode leads to larger ELM
crash and more energy loss at nonlinear phase
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In isothermal limit, linear relation for n=0 component of

electric field cannot get nonlinear saturation

Net zonal flow is set to be zero: <WT> =0
Equilibrium part: <wo>:0:>¢o =_T_0|n P,
e
Linear relation: n, 1 N
<ZD'> = I (V ¢dc vnlO V¢dc Vipldc) - 0 = Iinear ¢dc

n.,e

Strong n=0 EXB:
-7 > Smooth perturbation in
poloidal direction
» Reduce radial transport

e ———— > Very weak n=0 EXB:

] » Keep streamer like structure

» Cannot reduce radial transport
» No saturation

v' n=0 component of electric field
determines the saturation phase;

v" This linear relation is not correct.



Nonlinear relation generates larger EXB shearing at

nedestal top to get the saturation phase
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Higher ion temperature introduces more FLR

stabilizing effects, thus reduces ELM size

® Hyper-resistivity is necessary to ELM crash, but ELM size is weakly sensitive to hyper-

resistivity;
® \With fixed pressure profile, high ion temperature introduce stronger FLR effect and thus
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Equilibrium EXB shear flow can stabilize high-n ballooning modes and reduce ELM

size, but introduces Kelvin-Helmholtz instability and leads to larger ELM when flow
shear is too large.
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2+0 isothermal gyrofluid model for ELM simulation
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Drift ballooning mode: Instability for small ELM? Probably not!

» lon parallel motion ion acoustic wave

»Electron pressure in Oﬁm’s law —> electron drift wave

Local dispersion relation* |

— wW(W — Wyi) [(1 + 2q2)w§ — w(w — w*ﬂ)} = ’}f? [u,af — w(w — w*e)}

Wave resonance condition

fres = 0 = wave resonance

Implied from local theory I

Schematic view of kinetic effects
on IBM growth rate
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Conditions for drift ballooning mode are difficult to satisfy in real discharges

| Local dispersion relation* |
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* Conditions for drift ballooning
A: Finite local ideal MHD growth rate
B: Wave resonant condition is satisfied
at the finite pressure gradient region

n=10 - B not A
n=50 - A notB

In real discharges, these two conditions are
difficult to satisfy simultaneously.
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lon acoustic wave and electron drift wave have stabilizing effect on P-B mode
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lon acoustic wave and electron
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Two-fluid 4-field HHM electromagnetic model

Finite Lamor Radius effects stabilize p-b modes.
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Accurate non-Fourier methods for Landau-fluid operators

Tokamak edge:

" kinetic effe_CtS Important -> need Ratio of fit to analytical operator vs. wavenumber
Landau-fluid (LF) operators
Y O — /<:|

char

Large spatial inhomogeneities &
complicated boundary

» need non-Fourier implementation
» Useful accurate approximation:
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_%Z 0 J0f
4 5 aon b

e
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k

The new method has Fourier-like

. . v’ The error is less than 1.5%.
computational scaling



The New Methods has Fourier-Like Computational Scaling
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« For small number of grid cells, direct matrix multiplication is as efficient as Fourier

* Non-Fourier, with fixed N, scales as N, c.f. N, for direct convolution
* Crossover point is at N, = 100 - 200 = advantage for N, 2100 - 200.



linear response function matches the published results from HP90

paper, hence the code and scheme must be correct!
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The dotted lines are from the four-moment model.



Landau-fluid operators

Nonlocal closure for g(T) uses sum of Lorentzians

Representation of sign(k) by
sum of Lorentzians is used;
leads to 2" order ODE

9= 4,(2)

2
(An a_2+ Bn]qn = iT(Z) Using B.C. q=0
0z atz . .z

Tested in stand-alone IDL code:

1) Spectral exact

2) Spectral with Lorentzians

3) Finite-difference with
Lorentzians
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Core Gyrofluid Simulations of lon Temperature Gradient Turbulence

BOUT++ gyro-fluid results approach gyro-kinetic results
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Core Gyrofluid Simulations of lon Temperature Gradient Turbulence

Excellent agreement of ITG mode between BOUT++ and Eigenvalue Solver

In order to verify the BOUT++ GLF results, Korean GLF Team member, Dr SS
Kim, developed a gyro-fluid non-local eigen-value solver to solve the same
exact set of equations as in BOUT++ framework.

0.35

Cyclone case BOUT+4 =

0.3f eigen-value —
(N=50)
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Core Gyrofluid Simulations of lon Temperature Gradient Turbulence

Eigenvalue Solver guides the GLF model development
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